There is a demand for the manufacture of two-dimensional (2D) materials with high-quality single crystals of large size. Usually, epitaxial growth is considered the method of choice 1 in preparing single-crystalline thin films, but it requires single-crystal substrates for deposition. Here we present a different approach and report the synthesis of single-crystal-like monolayer graphene films on polycrystalline substrates. The technological realization of the proposed method resembles the Czochralski process and is based on the evolutionary selection 2 approach, which is now realized in 2D geometry. The method relies on 'self-selection' of the fastest-growing domain orientation, which eventually overwhelms the slower-growing domains and yields a single-crystal continuous 2D film. Here we have used it to synthesize foot-long graphene films at rates up to 2.5 cm h −1 that possess the quality of a single crystal. We anticipate that the proposed approach could be readily adopted for the synthesis of other 2D materials and heterostructures.
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The ability to grow high-purity large single crystals of different materials, such as silicon, is at the heart of the technological advancement of the past few decades 3 . Recently, isolated 2D materials have also found numerous exciting potential applications 4, 5 , but their performance is strongly affected by the quality [6] [7] [8] [9] [10] [11] [12] [13] [14] . Production of single-crystal 2D films on a large scale can make this exciting class of materials suitable for industrial applications. Most of the reported large 2D single-crystal growth methods rely on epitaxial growth. For example, it was shown that Cu foils can be engineered to have almost exclusively (111) surface orientation, allowing large-scale epitaxial growth of graphene 15 . Here, we realize singlecrystal graphene growth on polycrystalline substrates. Growing a continuous 2D single crystal on a non-epitaxial substrate requires the enlargement of only one domain while suppressing the formation of undesired additional seeds ahead of the 2D material growing front-a significant challenge, especially on a moving substrate. Our approach for achieving this goal is based on chemical vapour deposition (CVD) that differs from its standard batch implementation by achieving local control of the precursor concentrations, as illustrated in Fig. 1a . Previously, a set-up with local feed but without substrate translation was used for inch-scale graphene growth 16 . We demonstrate here its realization with a moving substrate geometry, which essentially has no substrate size limitations and thus is directly expandable into the roll-to-roll configuration. The precursor gas mixture is separated into two streams: an H 2 -Ar buffer constantly flowing through the deposition tube and the hydrocarbon-containing mixture delivered onto the copper foil via a small-diameter nozzle. The latter defines where the deposition takes place. The mode of graphene deposition depends on a combination of parameters such as temperature, substrate, flow rates and the concentration of each gas component [17] [18] [19] [20] [21] . As previously demonstrated, it is imperative to have a deposition temperature as high as possible. At temperatures below 1,000 °C graphene growth on Cu is strongly affected by its crystallographic orientation 22 , with epitaxial growth on Cu(111) 23 . The density of graphene seeds and the resulting sizes of the monocrystalline domains are also strongly affected by temperature, even above 1,000 °C 24 . The hydrocarbon influx through the nozzle spreads over the catalyst surface, causing its local concentration to decline with distance from the nozzle. High temperature increases the mobility of active carbon species produced on the substrate and promotes more effective attachment of carbon to the edges of the main graphene domain instead of the production of undesired seeds. All these prerequisites, as well as the flow of buffer gas with hydrogen (which etches graphene seeds upstream) help, but still are insufficient for the total elimination of unwanted seed formation. Additional control of the hydrocarbon concentration gradient can be accomplished by increasing the flow rate of the buffer gas. Figure 1b illustrates how the shape of the graphene footprint on copper varies on increasing the buffer flow from V = 8 cm s −1 to 120 cm s −1 of linear speed. The background 'wind' not only narrows down and elongates the spot with graphene, but more importantly reduces undesired seed formation upstream. As seen in Fig. 1c , growth under a slow wind of buffer gas did not fully suppress nucleation of new graphene seeds ahead of the continuous graphene edge (upstream) . Pulling the substrate foil in such growth conditions obviously results in a polycrystalline graphene film. However, even at V b = 32 cm s −1 formation of new seeds upstream is dramatically suppressed, producing a sharp graphene-copper boundary. To further enhance the effect, we employed a NiCu alloy 25 instead of Cu and performed deposition at an elevated temperature of 1,100 °C when the formation of seeds is practically eliminated (see Fig. 1d and Supplementary Figs. 8-10 ). We focused on a 10% Ni-Cu alloy as being similar to Cu in having negligible carbon dissolution 16 and used a speed of the buffer gas V b = 32 cm s
to grow continuous graphene monolayers that possess the quality of a single crystal while pulling the substrate at the desired speed. In an ideal case, the resulting graphene film should be a single crystal, but proving this is not trivial. Standard surface science approaches such as low-energy electron diffraction (LEED) are challenging here primarily because of very long metal substrates, where the relative orientation of cut-out portions is difficult to control. Nevertheless, 26 , confirm the single crystal nature of our samples ( Supplementary Figs. 19-22 ).
There is a relatively simple and convenient method to identify the orientations of graphene domains by using the previously introduced hole etching technique 21, 27 . In this method, graphene is etched in a hydrogen atmosphere for a short period of time directly after deposition, producing randomly placed hexagonal holes throughout the graphene. These holes and the edges of graphene become visible after oxidation of the substrate because the colour changes only on the exposed bare substrate and not under the graphene 28 . An optical microscope can be used to analyse the orientations of the etched hexagons. It can be applied for crystals of different sizes and is the only technique that allows relatively fast analysis of extremely large samples that remain undisturbed on the original substrate. The hexagonal holes are terminated by the most stable zigzag (ZZ) edges 29 , which are either parallel or at 60° to each other when on the same single-crystal domain 27 . Obviously, holes on different graphene domains have no edge-direction correlation. Figure 2a shows such a case, where three different domains are highlighted by different colours. Within each domain the hexagons' edges are parallel, as seen in the histogram from the sharp peaks. The three domains have sharp peaks separated by 60° but centred at different angles. Figure 2b shows a single graphene domain having all hexagonal holes oriented alike, with edges parallel to each other despite being spaced across several underlying domains of the substrate. The resulting histogram of the holes' orientations has only three peaks, in contrast to the case in Fig. 2a for a polycrystal. Histograms taken at different positions on the grown graphene can be plotted as maps like the ones shown in Fig. 2c -e. Each map represents the intensity of the histograms of the holes' edge angular distribution (vertical axis) plotted as a function of position along a line (typically in the direction of pull).
One has to ensure not to pull too fast or the continuity of the single-domain growth can be interrupted. The maximum rate of pulling in turn depends on the growth conditions. In the case of homemade 10% NiCu foils (types 1 and 2, see Methods) using methane or ethane precursors, as in Fig. 2d , the maximum rate did not exceed U = 1.8 cm h , but with ethane on a commercial NiCu type 3 foil (see Supplementary Information for details) the rate can be increased to 2.5 cm h −1 , as in Fig. 2e . In both cases the maximum pulling rate is probably limited by the rate of active carbon attachment to the growing graphene edge.
According to theory, single-crystal growth can be achieved upon realization of the conditions for 'evolutionary selection' 2 , as illustrated in Fig. 2c . Out of the multiple crystallites with different orientations growing all at once, those extending faster forwards (direction opposite to the pull) must eventually surpass the slower competitors. This ultimately defines the sole survivor-monocrystal and its orientation. As the substrate is pulled under the proper conditions, this domain orientation prevails and the histogram converges into that for a single crystal. As seen in Fig. 2c , this happens at around 4 cm, a distance comparable to the width of the graphene footprint at its base. This pulling distance needed for a single orientation to prevail and establish a single crystal depends on the initial orientations of domains and varies in different experiments. One way to minimize this 'relaxation distance' is to start deposition before the edge of the substrate. Then the fittest orientation has far fewer domains with which to compete. Indeed, as Fig. 2d illustrates, with this approach the monocrystalline behaviour in the map starts practically from the beginning. The crystallographic orientation of the graphene crystal can be determined through the orientation of the etched hexagonal holes, for which we confirmed ZZ termination, as seen from the selected area electron diffraction (SAED) pattern near the holes' edges in Fig. 3a 
29
.
Other standard methods of characterization can only verify the local properties of our large films, yet they all corroborate the global single-crystal-like structure of the synthesized films. Raman maps in Fig. 3b confirm the high ratio of 2D and G bands and the suppressed D band, as would be expected for high-quality single-crystal graphene. The electrical transport measurements (Fig. 3c ) of the field-effect transistors (FETs) fabricated using graphene from different regions of the synthesized crystal have uniform characteristics, with the carrier mobility greater than 10,000
, which is within the range of reported values for the single-crystal CVD graphene devices. Figure 3d shows a representative atomic resolution scanning transmission electron microscopy (STEM) image of graphene synthesized by the advancing local control of the precursor concentrations CVD (ALC CVD) method.
The maps in Fig. 2c,d indicate that, for a methane precursor on a homemade NiCu (type 2) foil, the growth direction is along the ZZ; that is, the frontline is along the armchair (AC). It is different for ethane feedstock on a commercial foil (type 3), having a slightly higher Ni content and a more pronounced (100) surface orientation: in this case, an often observed growth direction is some angle α ≈ 20° off ZZ (Fig. 2e) . Occasionally, orientation jumps between ), nucleation ahead of the graphene edge is obvious, but it is suppressed at higher speeds (> 32 cm s Letters Nature Materials α = ± 20° were observed after a few centimetres of continuous graphene film; this may reflect the possibility of transitions between the two chiral twins, mirror non-equivalent but identical in both energy and kinetics (while simply non-existent for the α = 0° case, on type 1 and 2 foils). In the Supplementary Information (Section X) we explain how the canonical crystal kinetic Wulff construction relates to our case of nozzle-steered growth, and can yield different crystallographic directions of the growth front propagation; that is, c-e, Mapping histograms made at different locations on the samples throughout their whole lengths. c, A map for the sample grown on a type 2 foil under a buffer gas at V = 32 cm s −1 demonstrates convergence of the polycrystalline pattern to a single-crystal-like one and illustrates the concept of evolutionary selection. d, Map for a sample grown similarly to c but starting on quartz near the copper edge; this minimizes the polycrystalline stage and grows single crystal graphene almost from the beginning of the foil. In both c and d the peaks at 0° and ± 60° correspond to ZZ as the preferential direction of growth. e, Use of the commercial alloy type 3 foil, and ethane as the carbon source, allows a significant increase in the pulling rate: this 1-footlong single crystal is pulled with U = 2.5 cm h −1
; the highly oriented nature of the film is seen in the longitudinal and transverse maps but with the direction of growth at about 20° with respect to ZZ.
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how the angle α varies with the ratio of the rates at crystallographic edges, mainly k A and k Z . For graphene, a single island commonly grows as a hexagon (Fig. 4a) with ZZ edges-the slowest, due to the need for C-triplets (Fig. 4b) to nucleate each atomic row 30, 31 . The fastest growth direction for the propagating front would be towards the vertex ( Fig. 4a ; see also Supplementary Section X), that is, in the ZZ direction or α = 0 corresponding to large k A /k Z > ∕ 2 3 , which agrees with the map in Fig. 2c,d . The overall front line, perpendicular to ZZ, is thus along AC. The angles approach α ~ 20° if the rates are similar, k A /k Z ≈ 1 (Fig. 4c) . Another consequence of the latter is that the etching rates of the two edges are also comparable, which results in rounded rather than hexagonal holes, which were observed on the type 3 commercial foil when etching at the temperature of synthesis; the anisotropy of etching could be restored by lowering the temperature of etching (Supplementary Section IV) .
In summary, we have achieved the growth of continuous single crystal monolayer graphene on polycrystalline substrates with rates up to 2.5 cm h −1 using ALC CVD. The method is based on evolutionary selection growth, known for 3D materials, but not previously realized for 2D materials. Unlike the batch method, it has a linear rate, allowing the growth of infinitely long graphene films of arbitrary width and length without the need for a single-crystal substrate; here, we have demonstrated foot-long samples as an illustration. The key parameters in our approach include the high-velocity wind of the buffer gas and the NiCu alloy substrate at high temperature, which jointly allow the creation of a sharp concentration gradient at the front and thus the elimination of undesired seed formation. Under such conditions, smooth pulling of the substrate at a sufficiently slow rate and fine-tuned concentrations of the precursors for a particular choice of substrate produce a single-crystal-like monolayer graphene film. We found that for the growth of graphene using ALC CVD on a polycrystalline catalyst (10% Ni-Cu) ZZ or chiral directions are faster than AC. Good transport characteristics and improved strength of the prepared graphene were demonstrated. Application of ALC CVD may be particularly advantageous in the production of continuous single-crystal films of other (binary) 2D materials of lower symmetry, where epitaxial growth does not prevent interdomain inversion boundary defects 14, 32, 33 . Deposition of other materials would require specific optimizations, but a combination of local control of the feed gases and a buffer gas blowing at a high speed in the direction of the moving substrate (ALC CVD) is demonstrated to be a viable approach. Within the roll-to-roll configuration, other means of local control can be implemented to optimize the deposition process. For example, localized high temperature can be achieved via inductive or infrared heating.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41563-018-0019-3. ) were cleaned with acetone then isopropyl alcohol and subsequently electropolished in a standard H 3 PO 4 -based solution to reduce the foils' roughness and remove surface contaminants, as described previously 34 . After cleaning and polishing, foils were annealed at 1,050 °C in a 2.5% H 2 -Ar atmosphere for 1 h. Three types of NiCu alloy foil were investigated. Types 1 and 2 were produced in house by electrochemically depositing Ni on the above Cu foils. Type 3 was acquired from Stanford Materials. For type 1 and 2 foils, nickel was electrodeposited on both sides of the polished copper foils using a standard nickel plating solution 16 . During electrodeposition, the current was held at 10 mA cm −2 until the targeted nickel thickness was reached. Different proportions of Ni in the Cu-Ni alloy were evaluated, 10%, 15% and 20%; the most useful and employed in the majority of experiments was about 10%. After nickel deposition, foils were washed with deionized water and dried under an air gun. NiCu alloy preparation was performed by annealing the nickel on a copper sandwich for 2 h at 1,050 °C, following annealing for 1.5 h at 1,100 °C in a 2.5% H 2 -Ar atmosphere at atmospheric pressure. The diffusion coefficient of nickel in copper at 1,100 °C is about 3 × 10 −9 cm 2 s −1 (ref. 35 ), and thus even for 75-μ m-thick foils 1.5 h of annealing yields a uniform NiCu alloy throughout the whole foil thickness. A detailed characterization of all foils is given in Supplementary Figs. 3-5 .
Graphene growth. A more detailed sketch of the set-up is given in Supplementary Scheme 1. We employed a single-zone 80 mm MTI split tube furnace and an 80 mm quartz tube equipped with a small-diameter nozzle brought to the tube's centre inside an additional enclosure. The CVD was carried out at atmospheric pressure. The two stock gas mixtures, 2.5% H 2 -Ar and 5% CH 4 -Ar (or 2.5% C 2 H 6 -Ar) were separated in two streams: the H 2 -Ar buffer flowed through the deposition tube while the methane or ethane mixture (at different proportions to H 2 in Ar) was directed to the top of the catalyst foil locally via the nozzle. The linear velocity of the H 2 -Ar buffer gas above the foil was increased by a smaller opening in the enclosure and the corresponding velocity was calculated as V = flux/area of the opening. The nozzle diameter was 1 mm and it was placed about 3 mm above the foil. The foil was placed on top of a movable quartz plate that was pulled by a tungsten wire using a high-precision stepper motor and a controlled torque motor.
NiCu foils were heated to 1,100 °C (in ~45 min); in the case of Cu the temperature was 1,050 °C. After reaching this temperature and annealing in the H 2 -Ar mixture for 30 min, a foil was moved to a desired location under the nozzle for growth. Standard conditions for growth were 4,000 standard cubic centimetres per minute (s.c.c.m., corresponding to V b = 32 cm s −1 ) and about 8 sccm of 2.5% H 2 -Ar through the main tube and the nozzle, respectively, with the addition of a desired flow of CH 4 -Ar through the nozzle, about 0.8 sccm of 5% CH 4 -Ar (total flux through the nozzle S ≈ 9 sccm). After the growth, the sample was either etched to form hexagonal holes or the furnace was opened for cooling. Pulling the metal substrate at optimal conditions results in the growth of continuous single-crystallike graphene. Starting the deposition with the nozzle on top of the foil substrate necessitates a longer 'relaxation' length for the fastest-growing orientation to overcome others; if at the beginning the nozzle is placed near the edge of the foil but outside, it allows this relaxation to be shortened. After growth, the furnace was opened and naturally cooled (~1 min to 800 °C and 1 h to room temperature).
Etching of hexagonal holes and analysis of their orientation. Etching holes in the graphene helps to visualize the crystal orientation for graphene. To etch the holes in graphene, after growth the foil with the graphene was moved upstream away from the nozzle; the hydrocarbon (methane or ethane) flow was closed off but the H 2 -Ar flow was kept unchanged. In the case of type 1 or 2 foils with methane, etching was performed for 3 min at the same temperature, after which the furnace was opened and naturally cooled (~1 min to 800 °C and 1 h to room temperature). Etching graphene on foils with higher nickel content at 1,100 °C results in circular holes (see Supplementary Fig. 6 for foils with 15% Ni). Thus, type 3 foils were etched for the same duration but at a slightly lower temperature (1,010 °C) to recover anisotropy in the rate of etching and produce hexagonal holes. Holes etched at low temperature also have ZZ termination (Supplementary Fig. 23 ). To visualize the etched holes, each sample was oxidized on a hot plate at about 200 °C for 5 min in air. The images were taken using an optical microscope equipped with a high-precision X-Y stage. Microscope magnification was changed as needed for reliable identification of the hexagons' orientation (the majority of images were taken at × 50 and × 20). Images were analysed using the Fiji software (ImageJ) using the Directionality tool as described previously 36, 37 .
Graphene transfer without a supporting poly(methyl methacrylate) layer. Poly(methyl methacrylate) (PMMA; 140 kDa) was dissolved in chloroform (0.1 g ml −1 ) and carefully applied to the edges of the graphene footprint. An additional PMMA stripe in the graphene centre helped to secure the holding frame and yielded better reproducibility during transfer. The catalyst foil was etched in commercial copper etching solution (Transene). The floating graphene on top of the etchant was transferred to a 5% HCl solution, then deionized water and finally it was scooped onto a SiO 2 -wafer. In Supplementary Fig. 24 graphene is clearly seen on 100 nm SiO 2 -Si due to a strong contrast from water trapped underneath.
Although a water layer has a similar appearance, on drying only monocrystalline graphene leaves a conductive layer with a clear Raman signal at every spot. Raman spectra were recorded using a Renishaw instrument with a 633 nm laser as an excitation source.
FET device measurements. Standard clean-room microfabrication techniques were used for graphene FET fabrication. In brief, PMMA was spin coated on the grown graphene (495 A4 Microchem, 2,000 r.p.m., 45 s) and baked for 2 min on the hot plate (180 °C). The NiCu alloy was dissolved using a standard Transene copper etchant and thoroughly washed in deionized water baths. The freed PMMA-graphene sandwich was transferred onto a 4 inch heavily doped 290 nm SiO 2 -Si wafer and PMMA was removed with acetone. Prior to the transfer, surface hydroxyl groups were passivated with a hydrophobic self-assembled monolayer 38 . Silanization was performed from a 1% solution of n-octadecyltrimethoxysilane in toluene (overnight) with subsequent baking at 120 °C on a hot plate for 1 h (ref. 39 ). The devices were fabricated using standard photolithography with reactive ion etching and e-beam evaporation of metal electrodes. First, a piece of transferred graphene crystal was patterned in a 25 μ m × 25 μ m area employing reactive ion etching. The source-drain and the coplanar side-gate electrodes were fabricated by evaporating 10 nm titanium and 70 nm gold and lift-off.
For each device, a small drop of ionic liquid, 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (Hmim-TFSI), was carefully dispensed to cover the graphene channel surface and the coplanar side-gate electrode, as illustrated in Supplementary Fig. 18 .
The electrical measurements were carried out using a vacuum probe station equipped with Keithley 4200 semiconductor parameter analyser. Measurements were made at a pressure of 10 −6 torr to extend the electrochemical window for gating using ionic liquid. The gate voltage (V GS-IL ) was varied from − 2.0 V to 2.0 V at a 1.0 V min −1 sweeping rate. The field-effect mobility was calculated using
where W and L are the FET's channel width and length, C is the specific capacitance of the gate dielectrics (4.01 µ F cm −2 for Hmim-TFSI) 41 and ∕ dI dV DS GS is the source-drain current, I DS , derivative over the gate voltage, V GS . The performance of a characteristic device shown in Fig. 3c corresponds to the highest carrier mobility near the Dirac point, in excess of 10,000 cm 2 V −1 s −1 . Over 30 devices were fabricated using different portions of the single crystal graphene film from the tip to the base. They showed transport characteristics varying within ± 25% and similar to those made using individual monocrystals of high-quality graphene synthesized using standard batch mode (graphene crystal size ~ 1 mm). In both cases, graphene crystal sizes were much larger than the device size-20 μ m × 20 μ m. Devices fabricated without the silanization step showed slightly lower average mobilities, about 7,600 cm 2 V −1 s −1 .
LEED measurements. The LEED images were obtained from graphene crystal samples prepared on 3 mil or 1 mil foils (RR607 and RR604) a few days after growth using a four-grid ErLEED 150 system from SPECS Instruments ( Supplementary  Figs. 19 and 20) . In each case, approximately 0.5 cm × 1 cm sections of the foil were cut and attached to a metal holder using either silver paste or carbon tape and introduced into an ultrahigh vacuum chamber with operating pressure of 1.4 × 10 −10 torr. The diffraction images were obtained for electron energies between 60 and 110 eV, with the best patterns observed at 68-74 eV. The reciprocal space separation of the diffraction spots is consistent with the graphene lattice constant of 2.46 Å. The same array of spots with identical orientation was observed when the samples were translated using LEED controls, indicating the uniformity over an area of at least 5 mm × 5 mm for each region tested with an electron beam diameter of approximately 1 mm. The diffraction patterns were not observed at all points on each sample due to the non-flatness of such large foil substrates and probably due to adsorption of contaminants on the graphene surface during exposure to the ambient atmosphere. Nevertheless, the observed patterns across each sample had the same orientation at every spot. It was difficult to ensure the alignment of the samples cut at different places from the foot-long crystal sample; as a result, the absolute orientation with respect to the pulling direction had a significant uncertainty.
TEM characterization. TEM images were acquired using a rotation-calibrated FEI Titan that was operated at 60 kV. The bright-field TEM, as well as SAED, images were acquired on single-crystal graphene samples with etched hexagonal holes that were transferred onto Quantifoil TEM grids. Brightness and contrast were adjusted to enhance the intensity of the diffraction spots. Multiple regions in the vicinity of the hexagonal hole edges were further analysed using SAED. The patterns clearly showed that the graphene is a single crystal by the sixfold symmetrical diffraction spots. Using SAED we also confirmed that the graphene is a single crystal over the whole accessible area of about 3 mm.
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Nature Materials STEM characterization. Atomic-resolution STEM imaging was carried out using an aberration-corrected Nion UltraSTEM100 operating at 60 kV, which is below the knock-on damage threshold for graphene. Medium-angle annular dark-field STEM images were acquired using a convergence semi-angle of 30 mrad and a collection semi-angle range of 54-70 mrad for inner and outer angles.
Graphene orientation visualization by liquid crystal with polarized optical microscopy. It was reported that graphene orients liquid crystal and thus can be used to visualize graphene domains by means of polarized optical microscopy 26 . 4′ -Pentyl-4-biphenylcarbonitrile liquid was purchased from Aldrich (No. 328510). Graphene samples were transferred onto microscope glass slides using the standard PMMA-based procedure. Liquid crystal was spin coated (at 2,000 r.p.m.) onto the transferred samples. These prepared samples were imaged using a Leica DM4500P optical microscope in transmittance mode with the polarizer and analyser always oriented perpendicular to each other while the sample was rotated using the microscope stage ( Supplementary  Figs. 21 and 22) .
Data availability. The data that support the findings of this study are available from the corresponding author upon reasonable request.
